The criterion for the onset of electrothermoconvection in a rotating horizontal layer of Brinkman porous medium is investigated for different types of velocity boundary conditions namely, (i) both boundaries stress-free, (ii) both boundaries rigid and (iii) lower rigid and upper free boundaries. Results indicate that the nature of boundaries and speed of rotation significantly influence the stability characteristics of the system. In the case of stress-free condition, it is shown that the necessary conditions for the occurrence of oscillatory onset are independent of an external electric field. Contrary to their stabilizing effect in the absence of rotation, increasing the ratio of viscosities Λ and decreasing the Darcy number Da show some destabilizing effect on the onset of stationary electrothermoconvection in the presence of rotation and some important observations are made on the stability characteristics of the system. Moreover, the similarities and differences between free-free, rigid-rigid and rigidfree boundaries are emphasized in triggering the onset of electrothermoconvection in a rotating porous layer. For small Taylor number domain, the stress-free boundaries is found to be always unstable than that of rigid-rigid and rigid-free boundaries. However, this trend is reversed at higher Taylor number domain because the stability of the stress-free case is increased more quickly than the other boundaries.
Introduction
The study of thermogravitational convection in a rotating fluid layer heated from below has attracted researchers since it is a relevant topic for meteorologists, climatologists, oceanographers and astrophysicists alike. The problem is also of importance in many engineering applications and copious literature is available on thermal convection in a rotating fluid layer (Chandrasekhar [1] , Galdi and Straughan [2] , Kloosterziel and Carnevale [3] and references therein). The corresponding problem in a rotating layer of porous medium has also received considerable attention in the literature. Patil and Vaidyanathan [4] have studied thermal convection in a rotating fluid saturated porous layer under the influence of variable viscosity using the Brinkman model. Palm and Tyvand [5] have used the Darcy model to study the linear stability problem of thermal convection in a rotating porous layer and they have shown that their results are equivalent to those of non-rotating anisotropic porous medium case. Using the Brinkman model, Qin and Kaloni [6] have studied the nonlinear stability of a rotating porous layer by including the convective inertia term in the Brinkman model. Vadasz [7] has used both linear and weak nonlinear theories to study the effect of Coriolis force on gravity-driven convection in a rotating porous layer heated from below by employing the modified Darcy model. An excellent review of research on thermal convection in a rotating porous medium is given by Vadasz [8] . A nonlinear stability analysis for thermal convection in a rotating porous layer has been performed by Straughan [9] . The problem of onset of thermal convection in a rotating porous medium bounded between rigid boundaries has been considered by Desaive et al. [10] . Shivakumara et al. [11] have investigated linear and weakly nonlinear thermal convection in a rotating porous layer and they have shown that decrease in the permeability and increase in the effective viscosity of the fluid have a destabilizing effect on the onset of stationary convection at high rotation rates. Recently, Falsaperla et al. [12] have considered the problem of thermal convection in a rotating horizontal layer of porous medium with Newton-Robin type of temperature boundary conditions.
It is recognizable that many convective instability problems of practical importance involve electrically conducting fluids. In such cases, the effect of external fields like magnetic and electric fields become important. In particular, the magnetic field effects become dominant if the fluid is highly electrically conducting. To the contrary, if the fluid is dielectric with low electrical conductivity then the electric forces play a major role in driving the motion. Several studies have been carried out to assess the effect of AC and DC electric fields on natural convection due to the fact that many problems of practical importance involve dielectric fluids. In these fluids, an applied temperature gradient produces nonuniformities in the electrical conductivity and/or the dielectric permittivity. The variation of electrical conductivity of the fluid with temperature produces free charges in the bulk of the fluid. These free charges interacting with applied or induced electric field produce a force that eventually causes fluid motion. On the other hand, when there is variation in dielectric permittivity and the electric field is intense then the polarization force which is induced by the non-uniformity of the dielectric constant causes fluid motion. In either case, convection can occur in a dielectric fluid layer even if the temperature gradient is stabilizing and such an instability produced by an electric field is called electroconvection, which is analogous to Rayleigh-Benard convection. In addition, if the applied temperature gradient is also destabilizing then such an instability problem is called electrothermoconvection.
Natural convection problem under an AC and/or DC electric field has been studied extensively and an exhaustive review on this topic has been given by Jones [13] and Saville [14] . The combined effects of DC electric field and volumetric heat source on the onset of convection in a dielectric fluid layer heated from below is investigated by Shivakumara et al. [15] , while the influences of vertical AC electric field as well as internal heat generation on the onset of electrothermoconvection in a horizontal dielectric fluid layer is analyzed by Shivakumara et al. [16] . A more detailed analysis on EHD instability in a horizontal fluid layer with electrical conductivity gradient subject to a weak shear flow is presented by Chang et al. [17] . Studies have also been undertaken in the past to understand the effect of rotation on electroconvection. Takashima [18] was the first to consider the effect of rotation on the onset of instability in a dielectric fluid layer under the action of a vertical AC electric field and a vertical temperature gradient. The influences of an AC electric field and rotation on Benard-Marangoni instability in a layer of an incompressible fluid with small electrical conductivity are investigated by Douiebe et al. [19] . Othman [20] has studied the stability of a rotating layer of viscoelastic dielectric liquid heated from below. Recently, Ruo et al. [21] have considered the EHD instability of a horizontal rotating fluid layer with a vertical electrical conductivity gradient for different kinds of velocity boundary conditions. Electroconvection in a dielectric fluid saturated porous medium is of particular interest in a geophysical system, since the electric field can provide the driving force in laboratory models of thermal convection of electrically conducting fluids in the earth's core.
Besides, the study of electric field on a fluid flow in porous media is of particular importance in view of its possibility of reduction of fluid viscosity in enhancing petroleum production (Moreno et al., [22] ). Recently, electroconvection in a horizontal dielectric fluid saturated densely packed porous layer under the simultaneous action of vertical electric field and vertical temperature gradient when the walls of the layer are subjected to time periodic temperature modulation is investigated by Rudraiah and Gayathri [23] .
Under the circumstances, the rotational effect seems to be of significance on ETC in porous media and has not been given any attention in the literature. Therefore, the aim of the present paper is to bring forth the salient features of the combined effects of rotation and AC electric field on the onset of convection in a dielectric fluid saturated Brinkman porous medium. To encompass both geophysical and laboratory problems, the stability analysis is carried out for three different types of velocity boundary conditions namely, (i) both boundaries free, (ii) both boundaries rigid and (iii) lower boundary is rigid and upper boundary is free. Equations for more general forms of convection in porous media are derived by Subramanian and Rajagopal [24] , Kannan and Rajagopal [25] , Rajagopal et al. [26] and it will be interesting to analyze the problem in these theories. However, in the present study a modified Lapwood-Brinkman extended Darcy model with fluid viscosity different from effective viscosity is used to describe the flow in the porous medium. An exact solution to the resulting eigenvalue problem is obtained in the case of stress-free boundaries, while for the other two boundary combinations the critical stability parameters are obtained numerically using the Galerkin-type of weighted residuals method. The effects of various physical parameters on the stability of the system are analyzed.
Mathematical formulation
The physical configuration is as shown in The relevant basic equations under the Oberbeck-Boussinesq approximation are:
where q is the velocity vector, T is the temperature, p is the pressure, ρ is the fluid density, κ is the effective thermal diffusivity, k is the permeability of the porous medium, μ is the fluid viscosity, μ is the effective viscosity, g is the acceleration due to gravity, A is the ratio of heat capacities, φ is the porosity of the porous medium, α is the thermal expansion coefficient, 0 ρ is the density at reference temperature 0 T T = and e f is the force of electrical origin which can be expressed as
Here E is the electric field, e ρ is the charge density and ε is the dielectric constant. In Eq.
(5), the last electrostriction term can be grouped with the pressure p in Eq. (2) and it has no effect on an incompressible fluid. The first term on the right hand side is the Coulomb force due to a free charge and the second term depends on the gradient of ε. The electrical force e f will have no effect on the bulk of the dielectric fluid if both the dielectric constant ε and the electrical conductivity σ are homogeneous. Since ε and σ are functions of temperature, a temperature gradient applied to a dielectric fluid produces a gradient in ε and σ . The application of a dc electric field then results in the accumulation of free charge in the liquid.
The free charge increases exponentially in time with a time constant / ε σ , which is known as the electrical relaxation time. If an ac electric field is applied at a frequency much higher than the reciprocal of the electrical relaxation time, the free charge does not have time to accumulate. Moreover, the electrical relaxation times of most dielectric liquids appear to be sufficiently long to prevent the buildup of free charge at standard power line frequencies. At the same time, dielectric loss at these frequencies is so low that it makes no significant contribution to the temperature field [13] . Under the circumstances, only the force induced by non-uniformity of the dielectric constant is considered. The relevant Maxwell equations are then
In view of Eq. (6), E can be expressed as
where V is the electric potential. The dielectric constant is assumed to be a linear function of temperature in the form 0 0
where γ (>0) is the thermal expansion coefficient of dielectric constant.
The basic state is quiescent and is given by
where the subscript b denotes the basic state. Substituting Eq.(10) in Eqs. (1) - (9), we get 
Solving Eq.(11b) using the boundary conditions
we get
In view of Eq.(11e) and noting that 0
bx by
Then we have
and hence
is the externally applied electric field at z = 0.
To study the stability of the basic state, we superimpose infinitesimally small perturbations ( )
Substituting Eq. (18) into Eqs. (1) - (9), linearizing the equations by neglecting the products of primed quantities, eliminating the pressure from the momentum equation by operating curl twice and retaining the vertical component we get the required equations in the form
where
, we obtain ( after neglecting the primes for simplicity) The isothermal boundaries of the porous layer are assumed to be either free or rigid and we have considered the following boundary conditions [1, 18] :
on the stress-free boundary and
on the rigid boundary.
Linear stability analysis
To carry out the linear stability analysis, we employ the normal mode analysis procedure in which we look for the solution of the form
where and m are the horizontal wave numbers in the x and y directions respectively and ( )
is the growth rate. Substituting Eq.(29) in Eqs. (23) - (26), we obtain
is the overall horizontal wave number.
On using Eq.(29) in the boundary conditions (27) and (28), we get respectively
and
The above set of equations is a double eigenvalue problem for t R or ea R and ω , to be solved with respect to the chosen boundary conditions. Three types of velocity boundary conditions are considered for discussion namely, the boundaries are either (i) stress-free or (ii) rigid or (iii) lower boundary rigid and upper boundary stress-free.
Exact solution for free-free boundaries
For both boundaries stress-free, let us assume the solution in the following form such that they satisfy the respective boundary conditions: 
As Da → ∞ and Λ = 1 (viscous case), from (40b), we note that 
and coincides with Roberts [27] . 
Since ( ) 
a result which coincides with Chandrasekhar [1] .
To analyze the onset of oscillatory convection, we substitute 
From Eq. (49) it is evident that if the instability sets in as oscillatory motions, it always occurs at a Rayleigh number less than the stationary onset.
Numerical solution for rigid-rigid and rigid-free boundaries
It has been observed that oscillatory convection occurs only if the Prandtl number Pr is less than unity and the Taylor number exceeds a threshold. But for dielectric liquids, Prandtl number is much greater than unity (for example, for corn oil Pr = 480, silicone oil Pr =100 and for caster oil Pr =10000) and hence the oscillatory convection is ruled out as the preferred mode of instability. Under the circumstances, we restrict ourselves to the case of steady onset and put ω = 0 in Eqs. (27) -(30). As in the case of stress-free boundaries, an exact solution is not possible for these two types of boundary conditions and the Galerkin method as explained in the book by Finlayson [28] is adopted to solve the resulting eigenvalue problem. Accordingly, the variables are written in a series of basis functions as , , ,
where , , 
Here the inner product is defined as 
Results and discussion
The simultaneous effect of Coriolis force and vertical AC electric field on the criterion for the onset of convection in a dielectric fluid saturated rotating Brinkman porous layer heated from below is investigated. Attention is focused on three types of velocity boundary conditions namely, (i) both boundaries free, (ii) both boundaries rigid and (iii) lower boundary rigid and upper boundary free. To solve the resulting eigenvalue problem, both analytical and numerical techniques are used depending on the choice of velocity boundary conditions. Since the oscillatory convection is not a preferred mode of instability for the problem considered, the discussion is limited to stationary onset. 
Both boundaries stress-free
Here, it is observed that the right-hand side of the above equations may be either negative or positive depending on the parametric values. That is to say that an increase in the value of This phenomenon is similar to the one observed by Chandrasekhar [1] in the study of thermal instability in a rotating fluid layer in the presence of vertical magnetic field; where it is observed that the simultaneous presence of rotation and magnetic field destabilizes the system although their individual effect is to make the system more stable. Fig. 3 . The dual role of viscosity ratio Λ on the stability of a rotating porous layer is evident from Fig. 3 
Both boundaries rigid, and lower rigid and upper stress-free boundaries
For these two boundary combinations, the eigenvalue problem is solved numerically using the Galerkin technique. To validate the numerical procedure used, first the test computations are carried out under different limiting cases for these two boundary conditions. Table 1 for rigid-rigid boundaries, while the critical AC electric Rayleigh number eac R and the corresponding wave number obtained for rigid boundaries for different values of t R when Ta =0 are compared with those of Roberts [27] in Table 2 . From these Tables it is seen that the results obtained from the present solution procedure are in excellent agreement with the earlier published ones and thus verifies the accuracy of the method used.
As observed in the stress-free boundaries case, the numerically computed results reveal that both 
Comparison of results for different types of boundaries
The critical thermal Rayleigh number t c R and the corresponding wave number c a , 
Da
− . This is because of decrease in the permeability of the porous medium, which in turn requires more heating for instability. On the contrary, when the AC electric field is increased, the porous layer becomes more and more unstable due to an increase in the electrical destabilizing effect. In other words, the effect of increasing AC electric field strength is to enhance the heat transfer and to hasten the onset of convection. We note that the results for different velocity boundary conditions differ only quantitatively, and the system is found to be more stable when both conditions increases with an increase in the value of Λ (see Fig. 10a ). In contrast to this, the critical wave number decreases with Λ (see Fig. 10b ). Thus the effect of Λ is to suppress the onset of electrothermal convection due to an increase in viscous diffusion and also to increase the dimension of convection cells. remains same in the case of rigid-rigid and rigid-free boundaries. Besides, the range of Λ up to which the system gets destabilized is the least for rigid-rigid boundaries and the range is more in the case of free-free boundaries.
The stress-free boundaries are found to be less stable than rigid-free as well as rigid-rigid boundaries only at small and moderate values of Taylor number domain (see Fig. 9a ). To the contrary, the stress-free boundaries are found to be more stable than that of rigid-rigid and rigid-free boundaries at higher values of Taylor number. This is because a viscous boundary layer will appear near the rigid boundary which in turn arrests the fluid motion. Although the boundary layer exerts a pure stabilizing mechanism up to moderate values ofTa , it exhibits a dual effect at higher values ofTa . On the one hand, the viscosity dissipates the kinetic energy required for the onset of instability in the porous layer; on the other hand, the viscous force resists the fluid to attach to the vortex lines and makes the fluid to find a means for achieving cross-isobar flow through which potential energy is released [21] . The dual mechanisms coupled with the EHD force exhibit a more instability behavior in the case of rigid boundary.
Conclusions
The effect of Coriolis force due to rotation on the onset of electrothermal convection 
